INTRODUCTION
Androgens are critical sex hormones that control the process of spermatogenesis. Their actions are mediated by androgen receptor (AR), a member of the nuclear receptor superfamily. Spermatogenesis, a process of generating mature sperm with half the number of chromosomes (haploid) produced from germ cell precursors (diploid), encompasses a series of precisely timed cellular events that take place in a highly organized tissue, the seminiferous epithelium. Within each cross-section of this tissue, spermatogonia, spermatocytes and spermatids are in intimate physical association with somatic Sertoli cells. There is some evidence that AR in the Sertoli cells, and not in germ cells, may regulate spermatogenesis as early data demonstrated that deletion of AR gene in mouse germ cells failed to affect spermatogenesis and male fertility, 2 but lacking AR in Sertoli cells led to spermatogenesis arrest at the diplotene primary spermatocyte stage. [3] [4] [5] Therefore, Sertoli cells are usually considered to be one of the important mediators of androgen/AR action on spermatogenesis. The detailed mechanisms by which AR supports germ cell development, however, remain unclear, although a few AR-regulated genes, such as Rhox5 (also known as Pem) and c-myc, have been identified in Sertoli cells in vivo. 6, 7 Using a Cre-Lox conditional knockout strategy, we generated a tissue-specific knockout mouse with the AR gene deleted only in Sertoli cells (S-AR 2/y ) by crossing mice with a floxed exon 2 of the AR with mice expressing Cre under the control of the anti-Mullerian hormone promoter (AMH-Cre). 4, 8, 9 Phenotype analyses show that the S-AR 2/y mice were indistinguishable from wild-type (WT) AR mice (B6 AR 1/y ) with the exception of testes, which were significantly atrophied. S-AR 2/y mice were infertile, with spermatogenic arrest predominately at the diplotene premeiotic stage and almost no sperm detected in the epididymides. 4 For identifying the AR targets responsible for these phenotypes, we compared the gene expression profiles of adult whole testis mRNA from S-AR 2/y mice and their WT littermates. Although the cell-specific gene knockout mouse is a good model to study gene function, it still remains not easy to further analyze gene expression in a given cell type (such as Sertoli cell) due to the multiple cell composition existing within the testis. Other studies using AR hypomorphs mouse 10 and Sertoli cell-selective AR knockout-juvenile spermatogonial depletion (SCARKO-jsd) mouse 11 also faced similar difficulties in identifying AR target genes in a given cell within testis.
For distinguishing AR target genes in Sertoli cells, we used an in vitro cultured Sertoli cell line TM4, which was isolated from the testis of Balb/c mice and expresses the AR, 12 and could therefore potentially be used to determine androgen-regulated genes.
Using these two different systems, 603 genes were found to be potential androgen-/AR-regulated genes in Sertoli cells. Among these androgen-/AR-regulated genes, genes involved in ras protein signal transduction and ubiquitin-protein ligase were clearly overrepresented.
MATERIALS AND METHODS

Generation of Sertoli cell-specific AR
2/y mice
To obtain S-AR 2/y animals, transgenic AMH-Cre (C57-B6/SJL) male mice expressing Cre recombinase, under the control of the AMH gene promoter, were mated with floxed AR (C57-B6/129 SEVE) female mice as previously described. 4 These AMH-Cre transgene animals were also used as a control for S-AR 2/y animals. Whole testes were obtained from animals at 10-week-old. Immediately after removal, testis samples were stored in RNAlater RNA Stabilization Reagent (Qiagen, Chatsworth, CA, USA) before being used for total RNA isolation.
Cell culture, transient transfection and stable transfection The TM4 cell line was obtained from the American Type Culture Collection. The cells were maintained in DMEM/F12 medium (Life Technologies, Rockville, MD, USA) supplemented with 10% fetal bovine serum (FBS), 100 U ml 21 penicillin and 100 mg ml 21 streptomycin in 25-cm 2 culture flasks at 37 uC in humidified atmosphere with 5% CO 2 . Before treating with androgens testosterone (T) or dihydrotestosterone (DHT), cells were maintained in DMEM/F12 supplemented with charcoal-treated FBS (androgen-free; Thermo Fisher Scientific, Waltham, MA, USA) for 48 h. Transient transfection was carried out by using Lipofectamine 2000 (Life Technologies) performed according to the manufacturer's instructions. The efficiency of transient transfection on TM4 cells is about 5%-10% as judged by transfection with a pEGFP-C1 vector (Clontech, Palo Alto, CA, USA). A recombinant vector expressing mouse AR, pcDNA3.1-AR, was constructed by cloning mouse AR open reading fragment into pcDNA3.1 vector (Life Technologies), with T7 promoter just upstream of the cloned gene. After 2 days of pcDNA3.1-AR transfection to prepare stable transfected clones, cells were split into 100-mm dishes with selective medium containing antibiotic Geneticin (G418) at 100 mg ml 21 . Most of the non-transfected TM4 cells in these groups died, whereas G418-resistant colonies appeared after 14 days of cultivation. The required monoclonal cells were cultured for 1 week to establish a stable transfected pcDNA3.1-AR cell line (TM4/AR) under the selective pressure of 100 mg ml 21 G418. All cells to be tested in the following assays had a passage number of 3-6.
Western blot analysis
Cell lysates of TM4 cells were separated by SDS-PAGE (10% gels) and electroblotted onto polyvinylidine difluoride membrane (Immobilon P, 0.45-mm-pore-size; Millipore, Bedford, MA, USA). Blots were blocked with Tris-buffered saline with 0.5% Tween 20 plus 5% dry nonfat milk and antibodies were diluted in this buffer as suggested by the manufacturers. The primary antibody was the rabbit polyclonal anti-AR antibody (sc-816; Santa Cruz Biotechnology, Inc., Santa Cruz, USA), and the secondary antibody was a goat anti-rabbit IgG conjugated to horseradish peroxidase (1 : 3000 dilution; Pierce, Rockford, IL, USA). Blots were incubated in primary antibodies overnight at 4 uC, washed three times in Tris-buffered saline with 0.5% Tween 20, and then incubated with secondary antibodies for 1 h at room temperature. Glyceraldehyde-3-phosphate dehydrogenase was detected by a monoclonal anti-glyceraldehyde-3-phosphate dehydrogenase antibody (sc-25778; Santa Cruz Biotechnology, Inc.) as an internal control for equivalent protein loading. Immunoblots were visualized on photographic films using the SuperSignal West Pico chemiluminescent substrate (Pierce) following the manufacturer's instructions.
Constructs and luciferase assay
The mouse mammary tumor virus-luciferase (MMTV-Luc) construct contains the promoter of the mouse mammary tumor virus long terminal repeat. 13 The prostate-specific antigen (PSA)-Luciferase construct contains a 600-bp fragment of the PSA promoter with an additional 2.4-kb enhancer sequence cloned upstream of luciferase.
14 Androgen response element-luciferase was constructed by inserting two synthetic tandem repeats of the androgen-responsive element (ARE) in multiple cloning region of pGL3-Promoter vector (Promega, Madison, WI, USA). Primers (5'-CAG AAC AGC ATG TTC TGA ATT CCA AGA ACA GCA TGT TCT C-3' and 5'-TCG AGA GAA CAT GCT GTT CTT GGA ATT CAG AAC ATG CTG TTC TGG TAC-3') were used. These two strands were allowed to form a duplex prior to ligation within the multiple cloning site upstream of the luc reporter gene in the linearized vector.
A day before transfection, ,6000 TM4 or TM4/AR cells were seeded in 96-well plate. The constructs (0.1 mg) were then cotransfected with 0.1 mg of pSV-b-Galactosidase control vector and pcDNA3.1-AR at indicated quantity to 60%-70% confluent TM4 or TM4/AR cells. After 6 h, medium was changed. The cells were treated for 24 h with indicated concentrations of androgen (T or DHT) or antiandrogen (flutamide) in fresh DMEM/F12 medium containing charcoal-treated FBS. Transfection experiments were done independently for both cell lines two times in triplicate wells.
After 24 h incubation, cells were harvested for luciferase assay and bgalactosidase (b-gal) assay as described in the protocol provided by Promega. Briefly, we added 50 ml lysis buffer per well and perform a single freeze-thaw cycle to ensure complete lysis, mixed 20 ml cell lysate with 100 ml luciferase assay reagent and read light intensity in Turner BioSystems Modulus Single Tube Multimode Reader (Thermo Fisher Scientific). Luciferase activity was normalized for transfection efficiency using corresponding b-gal activity. The ratios of luciferase/ b-gal activity were used as indicators for transcriptional activity of different promoters.
Total RNA extraction and digital gene expression (DGE) sequencing and statistical analysis Total RNA was extracted using TRIzol reagent (Invitrogen) following the manufacturer's instructions. RNA quality and concentration were determined using a 2100 Bioanalyzer (Agilent, Palo Alto, CA, USA). Total RNA (4 mg) of each sample was used in DGE sequencing. Briefly, after double-stranded cDNA synthesis using oligo(dT) 18 , the cDNA was digested with NlaIII and ligated to the first adapter, GEX adapter 1, containing a recognition site for the MmeI. The second adapter, GEX index adapter, was ligated after MmeI digestion. Tags flanked by both adapters were enriched by PCR using Gex PCR primers 1 and 2 following the manufacturer's protocol. Finally, DGE libraries were performed to cluster generation and sequencing on the Illumina Cluster Station and Genome Analyzer II (Illumina Inc., San Diego, CA, USA) following the manufacturer's protocol.
For statistical analysis, we filtered the potentially erroneous tags (only one copy number, only adaptor sequences, or containing unknown sequences 'N') to get the clean tags. All the possible 17 bases length sequences next to the NlaIII restriction site of the reference sequences mouse genome (mm9) and four bases plus sequences were extracted and constructed as a reference database. Two kinds of tags (unambiguous and ambiguous tags) were obtained when all clean tags were mapped to the reference database using SOAP V2.0 (Beijing Genomics Institute at Shenzhen, Shenzhen, China) 15 allowing no more than one base mismatch. Only unambiguous tags, which mapped to only one gene, were used for gene expression analysis. Transcripts per million clean tags were applied to compare gene expression between different samples.
RT-PCR and quantitative real-time PCR analysis (qRT-PCR)
Total RNA was reverse-transcribed into cDNA using the SuperScript III First-Strand Synthesis System (Invitrogen). PCR was performed in triplicate using the SYBR Green PCR Master Mix (Invitrogen) with cDNA (3 ml) and gene-specific primers (300 nmol l 21 each) in a 50 ml (final volume) reaction mixture on an ABI 7000 Real-Time PCR System (Life Technologies). The primer sequences were shown in Table 1 . An RT-minus control was included to detect any contaminating genomic DNA. To exclude the occurrence of primer dimers and non-specific PCR products, melting curve analysis was performed using the ABI PRISM 7000 Sequence Detection System Software version 1.0.1 (Applied Biosystems, Foster City, CA, USA). The relative expression level of each gene was normalized to a housekeeping gene, peptidylprolyl isomerase A (Ppia).
Bioinformatics analysis
Gene ontology was predicted by DAVID Bioinformatics Resources (http://www.david.abcc.ncifcrf.gov).
RESULTS
Construction of TM4/AR cell line with higher androgen responsiveness than parental TM4 cells
We have stably transfected pcDNA3.1-AR into TM4 cells by Lipofectamine and obtained four individual cell clones with resistance to G418. We tested the expression of AR mRNA and protein in the G418-resistant populations by RT-PCR and Western blot, respectively. The results showed that the transcriptional mRNA and translational protein level of AR were significantly higher in the stably transfected TM4/AR cells than those found in the parental TM4 cells (P,0.01, Figure 1) .
To assay the potential androgen responsiveness in these Sertoli cells, we transfected TM4 and TM4/AR cells with three ARE reporter constructs, MMTV-Luc, prostate-specific antigen-Luciferase and Androgen response element-luciferase, containing luciferase gene that could be activated by AR in the presence of T. In TM4 and four TM4/ AR cell lines, both androgens, T and DHT, fail to induce the expression of luciferase reporter gene, which is under the control of ARE, at 10 nmol l
21
, a concentration of T in mouse serum, or at 10 mmol l 21 , a concentration of T in mouse testis ( Figure 2) .
To examine if the saturated androgens in culture medium is the reason for no androgen responsiveness in the system, we added two concentrations of antiandrogen flutamide into the culture medium and found neither 10 nmol l 21 nor 10 mmol l 21 ( Figure 2 ) of flutamide could significantly change the activity of luciferase. These results suggested that the transcriptional activity of AR in TM4 or TM4/AR cells was not induced by androgens. Although androgen responsiveness could not be detected in TM4/AR cells, we found the expression of reporter gene in TM4/AR cells was much higher than that in TM4 cells (P,0.01, Figure 2 ), suggesting that transfection of additional AR in TM4/AR cells did result in some changes, although it still failed to respond significantly to androgen treatment. Testosterone/AR target genes in mouse Sertoli cells QX Zhang et al 296
In contrast to above results, androgen responsiveness was detected when the ARE reporter constructs were cotransfected with AR-cDNA expression vector into TM4 or TM4/AR cells. In the TM4 cells, a significant response to androgens became measurable after adding 5 ng AR-cDNA construct and a maximal response was observed after adding 50 ng AR-cDNA construct (Figure 3a) . In TM4/AR cells, the androgen response was detected after adding 1 ng AR-cDNA construct and a maximal response was observed after adding 5 ng AR-cDNA construct (Figure 3a) . When the same concentration of AR-cDNA vector was cotransfected, luciferase activity reached its maximal value at 10 nmol l 21 of T in TM4 cells and 100 nmol l 21 in TM4/AR cells (Figure 3b) . The fact that TM4/AR cells need less cotransfected ARcDNA for inducing luciferase activity than TM4 cells suggests that AR, via stably transfected AR-cDNA in TM4/AR cells, did play some roles in the androgen responsiveness upon cotransfection of AR-cDNA.
TM4/AR cells were used in the following DGE analysis in the condition (transient transfection with 5 ng AR-cDNA construct and treatment with 100 nmol l 21 T) where maximal androgen response was demonstrated.
Identification of T-and AR-regulated genes in S-AR
2/y mouse testes and TM4/AR cells To identify AR-regulated genes in Sertoli cells, gene expression patterns in testes of S-AR 2/y mice and control WT littermates were compared. DGE analysis showed that 5141 differentially expressed genes. Of these genes, 2865 were expressed at a higher level in S-AR 2/y compared with WT control mice (referred to as downregulated by AR) and 2276 were expressed at a lower level in S-AR 2/y compared with WT control mice (referred to as upregulated by AR) (Supplementary Table 1) .
To avoid confounding effects of differences in testicular cell composition occurring in S-AR 2/y mice, gene expression patterns in cultured TM4/AR cells were also compared with or without T/AR Figure 2 The effect of androgens (T and DHT) and antiandrogen flutamide on the expression level of reporter genes under the control of androgen response element in TM4 or TM4/AR cells. Luciferase activity was normalized to b-galactosidase activity and then shown relative to that of TM4 cells without androgen or antiandrogen treatment, which was set to 100%. Each value represents the mean6s.d. of experiments performed in triplicate. The data of TM4/AR cells are representative of four TM4/AR cell lines. ARE-Luc, androgen response element-luciferase; DHT, dihydrotestosterone; F, flutamide; MMTV-Luc, mouse mammary tumor virus-luciferase; PSA-Luc, prostate specific antigenLuciferase; T, testosterone. Table 4 ). There were 603 regulated genes, including 164 upregulated and 439 downregulated by androgen and AR, in the overlap part of two sets of differential expression genes in S-AR 2/y mice testis and TM4/AR cells (Supplementary Table 5 ). The 14 genes strongly regulated and highly expressed both in S-AR 2/y and TM4/AR cells are listed in Table 2 .
Confirmation of DGE data
To validate results obtained from DGE analysis, the qRT-PCR was performed in the 14 genes that appeared to be the most strongly regulated and highly expressed ( Table 2 ). The results showed that 12 of 14 mRNAs demonstrated more than twofold changes by qRT-PCR. The two exceptions are Phkg2 and Ccdc136 in TM4/AR cells treated with AR and T, with the same variation trends, but less than twofold change. For the spermatogenic arrest predominately at the diplotene premeiotic stage and almost no mature sperm produced in S-AR 2/y mice, the genes specifically expressed in mature sperm were differently expressed in S-AR 2/y and WT mice testis ( Table 3) . From another point of view, this also confirmed the DGE data, although it would make identification of AR target genes harder.
Bioinformatics analysis
The genes regulated by T and AR encoded proteins encompassing a broad range of molecules. Gene ontology was predicted by using DAVID 2. Table 7) , and ubiquitin-protein ligase activity (Fbxo6, G2e3, Skp2, Chfr, Herc5, Ube2e3, Mdm2, Ube3a, Ube2b, Ube4b; P54.2310 23 ) by their molecular function.
DISCUSSION
In this study, we used adult mice with AR-specific knockout from Sertoli cells (S-AR 2/y ) as an in vivo model system for identifying the T-/AR-regulated genes in adult Sertoli cells that may be involved in the control of spermatogenesis. As many as 5141 genes were differentially expressed in S-AR 2/y testes vs. those from WT testes. There were different cell components in testes from S-AR 2/y and WT because S-AR 2/y was atrophied and spermatogenesis was arrested predominately at the diplotene premeiotic stage. For the purpose of distinguishing the genes regulated by AR in Sertoli cells, we constructed an in vitro system, Sertoli TM4/AR cell line. The genes regulated in S-AR 2/y mice in vivo were compared to the T-/AR-regulated genes in TM4/AR cells in vitro, and 603 T-/AR-regulated genes were found both in S-AR 2/y and TM4/AR cells. First, we removed the genes differentially expressed in S-AR 2/y mice testis because of different cell compositions between S-AR 2/y and WT mice testis. Second, 24-h treatment with T on TM4/ AR cells will help us in identifying directly regulated genes by AR, but not indirectly regulated genes.
For construction of androgen response Sertoli cells line, we first detected the expression level of AR and androgen responsiveness of TM4 cells. Despite the presence of detectable endogenous AR in the original TM4 cells or stably transfected AR-cDNA in TM4/AR cells, we Testosterone/AR target genes in mouse Sertoli cells QX Zhang et al 298 were surprised to find that androgens still failed to significantly induce AR transactivation in these cells. However, androgen responsiveness was restored by adding AR via transient transfection of AR-cDNA. These data suggested that the amount of AR expressed in these Sertoli cells played essential roles. Our data also showed the luciferase activity in TM4/AR cells is much higher than that found in TM4 cells in the absence or presence of the same amount of androgens. This induction in the absence of exogenous T suggests that the additional AR (via stably transfected AR-cDNA) could function in an T-independent manner, which is in agreement with an early report showing transfected AR-cDNA alone might lead to increased Rhox5 Pp transcripts expression in MSC1 cells without treatment with androgens. 6 These data suggest that some ligands other than T might exist to stimulate AR transcriptional activity in TM4/AR Sertoli cells. This hypothesis can also be used to explain why the same amount of T in TM4/AR cells can induce more AR transcriptional activity than in TM4 cells (Figure 3) .
In the past reports, for identifying AR target genes in Sertoli cells, several AR knockout mice models were used. Only three of the 40 potential AR target genes in prepubertal SCARKO mice testes, 16 Rhox5, Stard10 and Ccdc70 were also in the list of AR-regulated genes in our S-AR 2/y mouse testis, but none of these three potential AR target genes were found to be regulated by AR in TM4/AR cells. Although the same mice model was used, prepubertal and adult testes have different gene expression profiles, which could be the main reason for the lack of consistent data.
Although adult animals involved in Ar invflox(ex12neo)/Y ; Tg(AmhCre), 10 testicular feminized mice 17 and SCARKO-jsd (Utp14b jsd/jsd , juvenile spermatogonial depletion) 11 systems were used, there were still much inconsistent data. Of the 62 AR-regulated transcripts found in Ar invflox(ex12neo)/Y ; Tg(Amh-Cre) system, 10 there are four overlapping genes, including s100a10, pepd, acly and sc5d, with 603 T-/AR-regulated genes in this study. Of the 20 upregulated genes and six downregulated genes reported in testicular feminized mice, 17 only Nudt19 was found regulated in S-AR 2/y mice testis and TM4/AR cells. Recently, 157 genes were reported as downregulated and 197 genes as upregulated in the adult SCARKO-jsd mice compared to jsd mice.
11 Ripk3 is the only overlapping gene between the list in SCARKO-jsd and our list in S-AR 2/y and TM4/ AR cells. A conspicuous reason is that the gene expression profiles of testes from Ar invflox(ex12neo)/Y and jsd have been intensively changed. The juvenile spermatogonial depletion mutation in the Utp14b gene affected the gene expression in mice testis and complicated the analysis of AR target genes although the trouble because of different germ cell compositions in the testis was solved.
Inconsistent data were also reported on how androgens could modulate their target genes in the Sertoli cell line. Kasumi et al. 18 reported that androgen treatment of TM4 cells induced the expression of Mif and S100a11; however, the similar induced patterns were not detected in our TM4/AR system and the transwell-cultured TM4 cells by Prante et al. 19 Nine genes, including Rhox5 and Dab2, were regulated by T in the transwell-cultured TM4 cells. 19 A similar change of Dab2 expression was demonstrated in our DGE data. However, it was reported that AR and the androgen, R1881, only weakly induced the activity of Rhox5 promoter in 15P1 and TM4 Sertoli cell lines. 20 While we were able to demonstrate the increased luciferase activity induced by T in our TM4 and TM4/AR cells (Figure 3 ), we were unable to detect the expression of Rhox5 after T treatment (data not shown), because of low levels of GATA factors. 20 Rhox5 was the only gene identified in common with the studies on AR knockout mice, but its expression was lost in our Sertoli cell line TM4 and TM4/AR. Knockout of Rhox5 gene has only limited effects on fertility of male mice compared with knockout of AR gene. 21 Therefore, some other genes must be involved in the AR signals controlling spermatogenesis. These complicating and inconsistent data could be largely due to differences in culture conditions and experimental set-up of the Sertoli cell lines. In addition, they could be related to the complicated mechanism of AR signal in Sertoli cells. Testosterone/AR target genes in mouse Sertoli cells QX Zhang et al 299
A conspicuous characteristic of our 603 regulated genes is that there are many more T-/AR-downregulated genes than upregulated genes. There were a few reports about the regulation of androgen on AR expression, which is different in individual cells, such as smooth-muscle cells, 22 prostate cancer cells, 23, 24 osteoblast-like cells, 25 bone cells 26 and several rat organs. 27 In our TM4/AR cells, AR protein level decreased when treated with T (data not shown), although the mRNA levels of AR were constant. The low AR protein level would result in decreased expression of AR target genes. Indeed, these AR target genes are not inhibited, but activated by AR. For this reason, the T/AR-downregulated genes should be interpreted with caution.
The dramatic overrepresentation of genes involved in ubiquitinprotein ligase activity among these 603 genes is possibly related with the fact that large amounts of protein must be degraded in Sertoli cells. Ubiquitination of histone is one of the epigenetic factors that regulate genes expression. Therefore, genes expression in Sertoli cells could be regulated by AR via changing the ubiquitination of histone.
In our previous study, 2058 genes in a gradually increased manner and 903 genes in a gradually decreased manner in the developmental stages of mice testis were identified, which is probably involved in spermatogenesis. 28 By comparisons of these genes, 22 of 2058 genes and 28 of 903 genes were in the list of 603 T-/AR-regulated genes in this study (Supplementary Table 8 ). These genes, representing the most potentially important roles in spermatogenesis, are worth further studying.
In conclusion, the present study has identified a subset of genes that are differentially expressed in adult testes with or without an active AR in Sertoli cells and also in TM4/AR cells with or without testosterone treatment. Of particular interest is the finding that some genes that may be related to ubiquitin-protein ligase activity. If ubiquitination of histone was affected, expression of many genes could be changed.
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